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57 ABSTRACT

An apparatus for transferring two frequencies of electro-
magnetic energy to and from a portion of a living body for
the purpose of blood oxygen saturation measurements. The
two frequencies of electromagnetic energy are transierred to
the portion of the living body through a single optical fiber
cable (which could be a bundle) to a coupler and then
through a short section of optical cable to an optical element
adjacent to the portion of the living body. After the two
frequencies of electromagnetic energy are transmitted
through the portion of the living body they are received by
another optical element and transported away from the
portion of the living body to a coupler through a short
section of optical cable where they may be converted to
clectrical signals. Alternatively, the two frequencies of elec-
tromagnetic energy are carried away from the coupler. The
signals from the coupler (whether they are electromagnetic
signals or electrical signals) are directed to a measurement
instrument, which through an adapter may be a conventional
measurement mstrument known in the prior art or a mea-
surement instrument specifically designed for use with the
signals produced at the coupler. The two short sections of
optical cable and the two optical elements adjacent to the
portion of the living body and the coupler are combined to
form a disposable probe. Alternatively, the disposable probe
can 1nclude a transducer to convert the transmitted optical
energy to electrical signals.

12 Claims, 7 Drawing Sheets
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1
DISPOSABLE FIBER OPTIC PROBE

This application 1s a continuation of application Ser. No.
08/683,800, filed on Jul. 18, 1996, now abandoned, which 1s
a continuation-in-part of application Ser. No. 08/505,035,
filed on Jul. 21, 1995, now abandoned.

DESCRIPTION

1. Technical Field

The present invention relates to methods and apparatus
for exposing a living body to electromagnetic energy, and
more particularly, to methods and apparatus for exposing a
living body to laser light energy via multifiber optical cables
and for receiving information 1n the laser light energy after
passage of the laser light energy through the living body.

2. Background of the Invention

It 1s possible to determine the oxygen saturation level in
the blood stream of a living being by comparing the absorp-
tion of two different wavelengths of light, typically red and
infrared, after the light has transited a blood saturated
portion of the body. In practice on humans, the section of the
body illuminated 1s usually a finger, earlobe, hand, foot or
the nose. This task is typically accomplished by using two
light emitting diodes, one red and one infrared. The diodes
are placed 1n contact with the skin, and photodiodes record
the respective amounts of light from each source that is
transmitted.

There are a number of problems associated with this
current art method. It 1s important that the wavelengths of
the light be carefully controlled so that the amount of the
absorbed portion of the mncident light 1s calibrated, and the
data 1s therefore accurate. In the case of light emitting diodes
(LEDs) there 1s a wide variability in wavelength intrinsic to
the mass production process. The actual wavelength of light
produced also depends on the applied voltage. It 1s therefore
possible to establish the wavelength of the light produced by
an LED for this method by matching the wavelength vari-
ability of the individual LED with a specific applied voltage.
The specific voltage applied to the LED may be established
by using a series of resistors in conjunction with a known
constant voltage source. One problem with this approach is
that each mndividual LED must be treated. The LED must be
customized by matching 1t with a specific set of resistors.
This process 1s time consuming and expensive. Typically
without this customization this technique requires extensive
calibration of the calibration equipment and of the sensor to
the equipment. This results 1n a long term problem of sensor
interchangeability from unit to unit and between pieces of
competitive equipment.

Another problem associated with current art 1s that the
LED 1s typically 1n direct contact with the skin of the patient
to be treated. LEDs are typically 20 to 30 percent eflicient;
therefore 70 to 80 percent of the applied electrical power 1s
dissipated 1n the form of heat. In some cases this excess heat
has been known to burn the patient, particularly when
current art sensors are used for infant or neonatal care.

The two LEDs which produce the two wavelengths nec-
essary for the measurement are not co-located in the current
art. This means that the pathway of the two different forms
of light 1s different and when the patient moves about, 1t 1s
possible for the pathways to vary and to vary differently.
This contributes to an effect known 1n the community as
“motion artifact.” The accuracy of the present method
depends on the absorption varying only due to differential
absorption 1n the blood. Therefore, varying pathways can
lead to absorption variations which do not depend on the
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blood and can, accordingly, degrade the blood oxygen
measurement. A major problem with the current technology
1s the resulting false alarms.

The wavelength range of an LED light source, while
narrow 1n wavelength spread compared to an incandescent
source, 1s still very broad. It 1s therefore difficult for LED-
based measurement systems to filter out other lights (such as
room lights) which are part of the environment rather than
the desired light source. In the current art, room light can
degrade the measurement.

Two additional problems with the current art are probe
positioning on the finger and skin pigmentation. In almost
100% of the cases where the current art 1s used, the caregiver
must apply the probe and reposition the probe to obtain
enough signal to allow the system to calibrate and operate.
This method 1s time-consuming and costly. It 1s also well-
known that the current art does not work well on individuals
with highly pigmented skin.

In many cases the probe portions of the pulse oximeters
of current clinical practice are designed to be disposable. For
such pulse oximeters the probe contains both the red and
infrared light sources and the photodetector. The photode-
tector 1s usually a silicon photodiode. Because the probe
portion 1s thrown away after 1t 1s used, its cost must be kept
as low as possible to provide for practicality and cost
cifectiveness. However, the need to dispose of the light
sources with the probe makes it difficult to reduce cost
beyond a certain point. In particular, 1f the light sources are
[LLEDs (which are not particularly expensive in their own
right) they must be checked and handled individually. This
1s due to the fact that 1n large scale manufacturing of the
LEDs 1t 1s difficult to assure that the operating wavelength
of an LED remains sufficiently constant to avoid causing
error 1n the frequency-dependent pulse oximetry measure-
ment. One method for dealing with this problem, common in
the present art, 1s to sort the LEDs after manufacturing and
then encode each probe 1n such a manner that the pulse
oximetry unit can correct for this wavelength variation. This
individual handling of the probe requires effort that adds to
the cost of manufacturing the probe.

It 1s possible to make a pulse oximeter where the light
sources are not placed directly on the end of the probe but
are mstead placed remotely on the end of a fiber optic cable.
By 1itseltf, this technique does not address the cost effective-
ness of disposable probes since the fiber optic cable is not
normally designed to be disposable. Disposable probes
would generally be prohibitively expensive. However, this
problem can be solved by incorporating a small disposable
portion of fiber optic cable onto the end of the main fiber
optic cable via a simplified coupling connector.

The use of this small disposable portion 1s greatly facili-
tated by using lasers as the light source 1n the oximeter
because it 1s possible to provide for an eflicient transfer of
light from the light source to a fiber optic cable and from one
fiber to another fiber optic cable when lasers are used. In the
present patent there are described two basic categories of
probe designs: 1) probes which are purely fiber optic in
nature, and 2) probes which are a hybrid of fiber optic and
conventional electronics. Both categories of designs have
significant cost and performance benelits over current prac-
tice.

SUMMARY OF THE INVENTION

According to one aspect, the invention 1s an apparatus for
transmitting electromagnetic energy through a portion of a
living body. The apparatus comprises first and second
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sources of electromagnetic energy, a first conduit and a
detector. The first source produces electromagnetic energy
having a first frequency and the second source produces
clectromagnetic energy having a second frequency. The first
conduit transmits the electromagnetic energies having the
first and second {frequencies from the first and second
sources to the vicinity of the portion of the living body. Light
from the first conduit 1s directed into the body. After
transiting the portion of the body the light of both frequen-
cies 1s then received for analysis. The detector converts the
clectromagnetic energies to corresponding first and second
clectrical signals after the transmitted electromagnetic ener-
oles have passed through the portion of the living body. The
detector may be either a sensor located 1n the vicinity of the
body, or another fiber optic cable (a second conduit). When
a second conduit i1s used the detector may be located
remotely from the portion of the body.

In accordance with a second aspect, the mvention 1s a
method for transmitting electromagnetic energy through a
portion of a living body, the method comprising the steps of:
a) providing a source of electromagnetic energy having a
first frequency, b) providing a source of electromagnetic
energy having a second frequency, c) providing a first
conduit to transmit the electromagnetic energies from the
sources to the vicinity of the portion of the living body and
connecting the first conduit to the sources, d) providing a
second conduit to receive the transmitted light, €) providing
a detector for analyzing the signal. Portions of the first and
second conduits may be detachable, in which case an optical
coupler 1s used at the detached point.

According to another aspect, the invention 1s a probe for
fransmitting electromagnetic energy through a portion of a
living body and receiving a signal indicative of a parameter
affecting the transmission of the electromagnetic energy
through the portion of the living body. The electromagnetic
energy has a first characteristic wavelength. The probe
comprises a connector, a first optical conduit, a first optical
clement, a second optical element, and a second optical
conduit. The connector receives the electromagnetic energy
from a source of electromagnetic energy and to receive the
information concerning the parameter. The first optical con-
duit 1s connected to the connector to transmit the electro-
magnetic energy away from the connector. The first optical
clement 1s connected to the first optical conduit to direct the
clectromagnetic energy through the portion of the living
body. The second optical element receives the electromag-
netic energy after 1t has transmitted through the living body.
The received electromagnetic energy carries mnformation
concerning the parameter affecting the transmission of the
clectromagnetic energy through the portion of the living
body. The second conduit 1s connected to the second optical
clement and to the connector to transmit the information to
the connector.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram of a preferred embodiment
of the apparatus of the mnvention.

FIG. 1a 1s a schematic diagram of a preferred embodiment
of the fiber optic cable coupler of the mvention.

FIG. 1b 1s a schematic diagram of a preferred embodiment
of the optical element of the invention.

FIG. 2a 1s a schematic diagram of a first preferred
embodiment of a pulse oximetry probe in accordance with
the present invention.

FIG. 2b 1s a close-up view of a first embodiment of a pair
of end optics for use with the present imnventive probe.
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FIG. 2c¢ 1s a close-up view of a second embodiment of an
end optic for use with the present inventive probe.

FIG. 3a 1s a schematic diagram of a second preferred
embodiment of a pulse oximetry probe in accordance with
the present mvention.

FIG. 3b 1s a close-up view of a third embodiment of an
end optic for use with the present inventive probe.

FIG. 4 1s a schematic diagram of a third preferred embodi-
ment of a pulse oximetry probe in accordance with the
present 1nvention.

FIG. 5a 1s a schematic diagram of a fourth preferred
embodiment of a pulse oximetry probe in accordance with
the present invention.

FIG. 5b 15 a cross-sectional view of the probe of FIG. 3a.

FIG. 6a 1s a schematic diagram of a fifth preferred
embodiment of a pulse oximetry probe 1n accordance with
the present invention.

FIG. 6b 1s a perspective view of the fifth preferred
embodiment of a pulse oximetry probe in accordance with
the present invention.

FIG. 7 1s a schematic diagram of a sixth preferred
embodiment of a pulse oximetry probe in accordance with
the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT OF THE
INVENTION

The present invention addresses all of the problems listed
above for the current art. FIG. 1 1s a schematic diagram of
a preferred embodiment of the apparatus of the invention.
The apparatus 10 includes a light source 12, a first conduit
14, and a second conduit 16 (which in its totality is the
detector portion of the apparatus 10). In the preferred
embodiment of the mnvention, the light source 12 includes a
pair of standard (non-customized) diode lasers respective
serving as first and second sources of electromagnetic ener-
oles. One electromagnetic energy has a frequency corre-
sponding to red light and the other electromagnetic energy
has a frequency corresponding to infrared light. These diode
lasers are not 1n contact with the patient. Instead the diode
lasers deliver the light through the first conduit 14, which
consists of one or more fiber optical cables. These cables
may be composed of either a single fiber or a bundle of
fibers. The light from the lasers 1s introduced to the first
conduit 14 by means of a conventional beam splitter, such as
a dichroic beam splitter. The dichroic beam splitter allows
the laser light from one of the diode lasers to pass along a
straight-line path into the first conduit 14 and causes the
laser light from the other of the diode lasers to be reflected
from another direction (say, 90 degrees from the straight-line
path of the light from the first diode laser) into the first
conduit 14.

If the cables are of the conventional type, composed of a
bundle of optical fibers (typically ranging from several fibers
to a thousand fibers), as will be described subsequently,
efficient coupling of laser light energy can be accomplished
through the use of imaging lenses at the ends of the optical
fiber bundle. The lenses should provide a 1:1 imaging of the
image presented to the end of the bundle. In the case where
two optical fiber bundles are placed end-to-end, the desired
1:1 1maging can be accomplished by indexing (or
“clocking”) means which cause each of the fibers in one
bundle to be substantially aligned with responding fibers 1n
the other bundle. In addition, the lens can be used to slightly
defocus the 1image it receives from one optical fiber bundle
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before transmittal to the other optical fiber bundle 1n order
to keep the transfer of laser light energy efficient.

In the preferred embodiment, both diode lasers deliver the
light through a single optical fiber cable (which may have
many conductors). The frequency of the laser light is tightly
controlled during manufacturing so that no additional tuning
of the light 1s required. In addition, unlike the practice with
the current art, the laser light source in the 1nventive system
1s not discarded after each use. Instead the laser light source
12 resides with a measurement instrument 18. The measure-
ment 1nstrument 18 can be either a unit known in the
conventional current art or a special unit designed to inter-
pret electrical signals produced by the second conduit 16.

The technique of fiber delivery that 1s part of this inven-
five system, if combined with LEDs instead of lasers,
climinates the requirement for customization used in the
current art.

In addition, the mnventive method of delivery reduces the
“motion artifact” since both wavelengths of light come from
the same physical location (the fiber bundle). The reduction
of motion artifact reduces, if not totally eliminates, false
alarms, thereby increasing the safety of the system. In order
to allow the operator the ability to discard the portion of the
measurement system which comes into contact with the
patient (required due to sterilization concerns), the first
conduit 14 of the 1nventive system uses a coupler 20 and
short length 22 of fiber cable 1n the portion which terminates
in an optical element 24 which contacts a portion 25 (such
as a finger) of the patient. The first conduit 14 also includes
a main fiber cable 26, which 1s connected to the source 12
(including the lasers) and coupled to the short length 22 of
fiber cable using a plastic connector 28 which contains
optics designed to efficiently image the light from the main
fiber cable 26 1nto the short length 22 of fiber cable. This
short length 22 of fiber cable 1s inexpensive and keeps the
cost of the discarded portion of the system to a minimum
(much less than the cost of the current art, where the
customized light sources themselves are discarded). The two
wavelengths of light come from the same physical location
(the short length 22 of fiber cable and the optical element
24). The inventive method of delivery reduces the “motion
artifact” since both wavelengths come from the same physi-
cal location; 1.e., a single optical fiber cable. The mmvention
climinates the need for equipment calibration and costly
software.

FIG. 1a 1s a schematic diagram of a preferred embodiment
of the fiber optic cable coupler 20 of the invention. The
plastic connector 28 includes the fiber optic coupler 20 (and
possibly also a fiber optic coupler 36—described
subsequently). The preferred embodiment of the fiber optic
cable coupler 20 1s intended to receive fiber cables 22 and 26
which are multifiber optical cables. The mulfifiber optical
cables allow for mnexpensive coupling between the fiber
cables 22 and 26 which also features a large signal-gathering
arca which allows a good signal-to-noise ratio to be main-
tained.

The multifiber optical cables are indexed relative to the
coupler 20 so as to maximize the transfer of light energy
from the fiber cable 26 to the fiber cable 22 by aligning the
fibers within the fiber cables 22 and 26. The rotational
alignment of the fiber cables 22 and 26 1s accomplished by
the 1ndexing.

The coupler 20 mncludes a conventional imaging lens 29
which provides 1:1 imaging of the end of the fiber cable 26
onto the end of the fiber cable 22. Although this arrangement
will work when the fiber cables 22 and 26 and the lens 29
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are spaced so that an exactly focused image of the end of the
fiber cable 22 1s formed on the end of the fiber cable 26, 1t

can be advantageous to adjust the spacing of these compo-
nents to provide a slight defocus of the 1image of the end of
the fiber cable 22 on the end of the fiber cable 26. This
allows for small misalignments of the components intro-
duced during manufacturing.

The use of remotely mounted lasers allows for the use of
extremely bright sources (including remote LEDs) com-
pared to the current art. Laser sources have a very narrow
wavelength which allows effective discrimination of the
signal from room lights through the use of narrow band
optical filters. As shown 1 FIG. 1, the short length 22 of
fiber cable delivers only light to the patient; the excess heat
due to the inherent imefficiency of all light sources 1is
dissipated at the other end of the short length 22 of fiber
cable from the patient. This arrangement eliminates any
chance of burning the patient with waste heat.

The second conduit 16 may have either of two configu-
rations. In one configuration the second conduit 16 includes
an optical element 30 and a short length 32 of optical fiber
cable, which 1s attached to a main cable 34 via a coupler 36
(which may be the same as the coupler 20). The main cable
34 1s similar to the main fiber cable 26. In this case the
preferred embodiment includes the optical element 30 which
is a small plastic light collection optic (reflective and/or
refractive) bonded onto the patient end of the short length 32
of fiber optic cable. This optic gathers the transmitted light
and focuses it 1nto the fiber bundle. After the coupler 36 1s
the connector which couples the two fibers 1n the short
length 32 of fiber optic cable to the main fiber 34. The main

fiber 34 1s a length of non-disposable fiber optic cable. In a
seccond preferred configuration, the disposable portion
includes a short length 32 of optic fiber cable, conventional
photodetectors (such as photodiodes, photomultiplier tubes,
CdS sensors, etc., not shown), and a connector (not shown)
which couples the short length 32 of optic fiber cable and a

receiver electrical connector to carry electrical signals with
the main fiber 34.

FIG. 1b 1s a schematic diagram of a preferred embodi-
ments of the optical elements 24 and 30 of the invention.
Each of the optical elements 24 and 30 are located 1n close
proximity to the portion 25 of the body of the patient. The
optical element 24 includes a housing 40 which contains an
optical element 42 and means (not shown) for receiving the
short length 22 of fiber cable. The optical element 42
receives laser light from the end of the short length 22 of
fiber cable and redirects and focuses the laser light into the
portion of the body of the patient. The optical element 42
redirects and focuses the laser light by refraction through the
body of the optical element 24 (which is preferably made
from an inexpensive plastic material), or by reflection from
an mexpensive retlective coating 44 on the optical element
24, or by a combination of both.

Similarly, the optical element 30 includes a housing 50
which contains an optical element 52 and means (not shown)
for recerving the short length 32 of fiber cable. The optical
clement 52 receives the laser light that has been transmatted
through the portion 25 of the body of the patient and
redirects and focuses the laser light onto the end of the short
length 32 of fiber cable. The optical element 52 redirects and
focuses the laser light by refraction through the body of the
optical element 30 (which is also preferably made from an
inexpensive plastic material), or by reflection from an inex-
pensive reflective coating 54 on the optical element 30, or by
a combination of both.

The optical element 24 1s held 1n close proximity to the
portion 25 of the body of the patient 1n order to minimize the
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leakage of light around the portion 25 of the body of the
patient, so that the system 10 responds only to laser light
which has passed through the portion 25 of the body of the

patient.

The methods of redirecting the laser light (as described
above) are well-known by those skilled in the art of optical
clement design. However, 1n this application, these methods
dramatically improve the efficiency of the measurement and
reduce artifacts by limiting the field of view of the sensor 10
to the portion 25 of the body of the patient.

In a particular embodiment the lasers and detectors are
matched to an 1nterface circuit in the pulse oximetry system.
This circuit mimics the behavior of current sensor technolo-
oies. In this manner existing pulse oximetry systems may be
used 1n conjunction with this new sensor technology.

The present invention removes the current art requirement
of matching or binning of components. This in turn results
in a simple software program, eliminating the need for
calibration and look-up tables and reduced cost of the
disposable portion of the probe. In addition the use of lasers
allows for significant enhancement of signal-to-noise levels,
while eliminating the problem of waste heat being dissipated
on the patient’s skin.

Another advantage the present mvention provides over
the current art 1s the elimination of an extraneous electrical
pathway to ground. Due to the inherent nature of the
inventive system the antenna effect of the connector cable 1s
climinated, enhancing the signal-to-noise ratio. Moreover,
the natural properties of the plastic cable provide a high
degree of insulation and isolation to any stray electrical
currents.

In today’s hospital environment two of the biggest con-
cerns are cost containment and cross contamination of
infectious disease. The present invention provides for a true
disposable device reduced in cost of manufacturing when
compared with ordinary current art disposable sensors. At
the same time performance i1s enhanced compared to the
current art.

In addition to the advances in noise reduction and the
reduction of motion artifact, the present invention reduces
the current problem of 1naccurate saturation readings due to
skin pigmentation. The current art 1s susceptible to errone-
ous readings caused by low signal levels induced by the
excessive light absorption properties of certain skin pigmen-
tations.

The problem of erroneous readings i1s currently inad-
equately addressed by using high intensity LEDs. This
results 1n an increased safety risk due to the potential for
burns, especially 1n the neonatal, infant and pediatric popu-
lations. The new art obviates this problem by supplying
greater amounts of light (and no waste heat) from the remote
source. The system 1s also inherently immune to extraneous
light interference, which reduces false alarms.

Because of the use of a laser light source, the typical
difficult cases; 1.e. poor perfusion, highly pigmented skin
and specific diseases states are eliminated and pose no
particular challenge to the new system.

The main instrument portion of this invention 1s com-
posed of the transmitting lasers, receiving detectors (or
electronics), and an electronics package as described above.
The main instrument portion 1s designed to allow the appa-
ratus to emulate the signals from the current art. This is
advantageous, since users switching to the present inventive
method and apparatus do not need to replace the main
instrument apparatus they now use. This saves expenses 1n
both purchasing equipment and retraining users.
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According to one aspect this mvention 1s a series of
specific designs which make the use of disposable fiber optic
pulse oximetry probes practical and mmexpensive. There are
three primary preferred embodiments which are described in
detail 1n the following. Each of these designs 1s intended to
work 1n concert with the conventional fiber optic laser pulse
oximeter described previously. The designs are 1llustrated in

FIGS. 2, 3 and 4.

FIG. 2a 1s a schematic diagram of a first preferred
embodiment of a pulse oximetry probe in accordance with
the present invention. The primary design consists of a probe
with two separate fiber optic pathways. These pathways may
be either a single fiber, or a collection of fibers within a
single protective conduit. Such a collection of fibers 1s often
referred to as a fiber bundle. FIG. 2b 1s a close-up view of
a first embodiment of a pair of end optics for use with the
present 1mventive probe. FIG. 2¢ 1s a close-up view of a
second embodiment of an end optic for use with the present
inventive probe.

The probe 60 of FIGS. 2a— 1s composed of several
functional subgroups which together form a detachable
probe capable of transmitting laser light to a finger 25 (or
other body portion), projecting the light through the finger
25, recewving the transmitted light, and returning the
received light to the permanent fiber bundle 64. These
functional subgroups are a connector body 66 (including the
mating connector bodies 66a and 66b), fiber optics 68 and
70 which transmit and receive the light, the end optics 72
and 74 which project and collect the light and the substrate
76 which holds the end optics 72, 74 and their respective
attached fiber optics 68 and 70 1n contact with the patient.

The connector 66 1s itself composed of a number of
components. In particular there are the mating connector
bodies 66a and 66b which are shaped 1n such a way as to be
keyed for a single orientation. This prevents an operator
from misconnecting the probe 60 to the permanent fiber
cable 64. Typically the body of the connector will be made
from Nylon or other hard stable plastic. The two fiber optics
68 and 70 are embedded within the connector body 66b.
Each one of these fiber optics 68 and 70 1s surrounded by a
tapered ferrule 90, 92 which in the connector body 665 (and
similarly in the connector body 66a). The ferrules 90 and 92
are used to ensure that the corresponding optics 68 and 70
will be properly aligned when the connector body 66b 1s
attached to the permanent fiber cable 86 by mating with the
connector body 66a. Typically these ferrules 90, 92 are made
from a very stable material such as metal or polycarbonate
plastic while 1t 1s possible that the connector body 66 can be
made from a more pliable material. The fiber optics 68 and
70 themselves, which may be either single fibers or groups
of fibers known as a fiber bundle, then carry the light from
the connector body 664 to and from the connector body 66b.
One of these fiber optic cables 1s designed to carry all of the
outgoing laser frequencies (typically two frequencies but
could be several frequencies).

Typically the fiber optics 68 and 70 are about one foot 1n
length and terminate at the end optics 72 and 74. Both of the
end optics 72 and 74 are of similar design and have the
general appearance of a prism 93 (typically on the order of
a few millimeters). At a minimum this end optic is designed
to turn the laser light emitted from the end of the fiber so that
it impinges on the patient’s finger (or other site) in a nearly
perpendicular direction. In addition by curving the angled
surface of the end optic 1t 1s possible to focus the beam more
tightly 1nto the patient to increase the incident intensity, or
to restrict the area of 1llumination. Generally the upper edges
94 of the end optics 72 and 74 will be trimmed as shown 1n



6,095,974

9

FIGS. 2b and 2c¢. In addition, as also shown 1n FIGS. 2b and
2c, the angled surfaces 96 of the optics 72 and 74 can have
a curvature to it to focus a beam 98 into the patient, or to
collect the light more efficiently 1n the case of the receiving
end optic 74.

Light emitted from the fiber and end optic combination
then transits the finger or other body part where the two
different frequencies are differentially absorbed by the
hemoglobin 1n the blood. Light scattered from the body is
then incident on a similar end optic (which may be different
in size and optical power but much the same in appearance).
This optic collects the scattered light and then couples 1t into
the second fiber optic, which is usually a fiber bundle. The
collected light then travels down the second fiber optic to the
connector. In the connector the second fiber optic 1s encased
in a ridged collet to assure proper location within the
connector. In the connector this light 1s transterred, usually
via an 1maging lens as disclosed previously, to the main fiber
optic cable where the light 1s carried to the receiver. As can
be seen, 1n this design there are no electronic components
within the disposable (detachable) probe.

The end optics 72 and 74 may have additional modifica-
tions. One such modification 1s the mnclusion of a small set
of extensions, or feet 100, whose purpose 1s to ensure the
proper orientation of the end optics 72 and 74 relative to the
substrate 76 to which the end optics 72 and 74 are attached.
When the substrate 76 1s wrapped around the patient’s
finger, the end optics 72 and 74 with their feet 100 will be
pressed against the patient’s finger. Accordingly, the broader
stance of the feet 100 will assure proper orientation of the

end optics 72 and 74.

Another such modification of the end optics 72 and 74 1s
the inclusion of a semi-spherical (or nearly spherical) optic
104 at the end of the fiber optics 72 and 74 immediately prior
to the prism portion 93. The same result may be obtained by
spherically polishing the end of the fiber optics 72 and 74 1n
the case of a single fiber. This has the effect of collimating,

or slightly focusing, the light emitted by the fiber optics 72
and 74.

This emitting light 1s generally 1n the form of a rapidly
expanding cone, and by collimating it the efficiency of the
prism portions of the end optics 72 and 74 are greatly
improved. Similar modifications may be made to the
receiver end optic 74. The recerver end optic 74 1s connected
to the return fiber optic 70 which may be either a single fiber
or a fiber bundle. In addition this fiber optic 70 may be made
of glass or plastic. In the case of a plastic fiber optic it 1s
possible to form a permanent bend or set mto the fiber optic
70 during manufacturing through the application of heat and
pressure. It 1s possible to incorporate such a set into the
return fiber 1n the arca where 1t and the substrate wrap
around the tip of the finger. This would assist in the proper
placement of the probe on the finger.

FIG. 3a 1s a schematic diagram of a second preferred
embodiment of a pulse oximetry probe 1n accordance with
the present invention. This design of the probe 118 1s stmilar
to the design of FIGS. 2a—c with some significant changes.
This design has a keyed connector similar to the connector
66 shown 1n FIGS. 2a—c, but 1n this case there are two
distinct fiber optics 68a and 68b which are used to deliver
light to the patient. One fiber optic 68a 1s for the red light
and the other fiber optic 68b 1s for the infrared light. This
separation of the fiber optic 68 1s reflected 1n the permanent
fiber optic cable 86 which also has two distinct fibers (86a
and 86b) for the transmitted light. By this means it is
possible to take advantage of a manufacturing process
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known as pigtailing by which the laser diodes at the trans-
mitter portion of the permanent cable 86 are pigtailed to the
transmitting fiber optic cable. This assures the proper and
stable alignment of the laser diodes to the transmitting fiber
optic cable. On the disposable probe these two fibers termi-
nate 1n a single end optic 120 which 1s similar to the end
optic 72 described 1n the first design. FIG. 3b 1s a close-up
view of a third embodiment of an end optic for use with the
present mventive probe. As in the first design and FIG. 3b,
the end optic 120 may be modified with spherical lenses and
feet-like extensions to improve its overall performance. The
return pathway 1s 1dentical to that disclosed 1n the preceding
design and shown 1n FIGS. 2a—c. In FIG. 3a the return fiber
optic cable 126 1s specifically shown to be a fiber bundle but
it could also be a single fiber.

In this case there are two fiber cables 68a and 68b that are
used to conduct the two different laser frequencies, one for
cach frequency. This has the advantage of allowing the
lasers to be coupled as individuals using the “pigtailing”
process discussed previously. This technique 1s of interest
due to the potential savings which the use of pigtailing may
provide during manufacturing of the main fiber optic cable
and the oximeter box. All other aspects of the second
preferred embodiment of the probe 118 are similar to the first
preferred embodiment.

In FIG. 3a the connector shows three distinct fiber optic
ends. The two ends 1284 and 1285 on the right are the input
fibers for the two different frequencies, while the fiber optic
129 on the left 1s the fiber bundle which returns the trans-
mitted light from the patient. The two fiber optics 68a and
68b which bring the laser light to the patient both terminate
in the same end optic 120 and are closely spaced within the
optic 120. This 1s important to ensure the highest possible
level of common light paths to reduce any erroneous mfor-
mation caused by probe motion. In both of the first two
probe designs (shown in detail in FIGS. 2a—c and 3a-b) the
returning fiber optic bundle may be thermoformed so that 1t
takes a permanent “set” or form to assist in the application
of the probe to the finger.

FIG. 4 1s a schematic diagram of a third preferred embodi-
ment of a pulse oximetry probe in accordance with the
present invention. The third preferred embodiment i1s a
hybrid design which uses a combination of fiber optics and
conventional electronic components to provide for the oxim-
ctry measurement. In this design the optical configuration 1s
simplified while retaining much of the benefit of the fully
fiber optic design since much of the cost 1s 1n the selection
and calibration of the light sources whereas the photodiode
1s mnexpensive. The third preferred embodiment of the probe
130 1s a significant departure from the preceding two 1n that
it 1s not an entirely fiber optic design. This third probe design
takes advantage of the fact that most of the cost-savings
available 1n a disposable fiber optic design comes from not
having to dispose of the light sources which must be
calibrated individually, while making a smaller departure
from existing technology by keeping the on-site photode-
tector of the prior art. In this case the light still originates
from laser diodes located at the instrument end of the
permanent cable 131. The light from the laser diodes 1s
delivered to a keyed connector set 132 (and including
mating connector bodies 132a and 132b), similarly to the

designs of FIGS. 2 and 3.

Specifically, in FIG. 4 the delivered light 1s shown to
come through a set of two fiber optics 134, 136 as 1n the
second design. However, a single fiber optic 134 as in the
first preferred embodiment of the probe design may just as
well be used. The transmitting fiber optics 134 and 136
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terminate 1n an end optic 138 of the type described 1n the first
and second probe designs. The receiving side of the sub-
strate 140 contains a photodetector 145 such as a standard
photodiode of the type used in the current art. The trans-
mitted light signals are converted to electrical signals at the
photodetector 145 and transmitted to the connector 132 on
conducting wires 148, 150 where it terminates 1n two

clectrical pins 152 and 154. These pins 152 and 154 mate
with electrical terminations in the connector 132 on the
permanent cable 160 for transmission back to the instru-
ment.

FIG. 5a 1s a schematic diagram of a fourth preferred
embodiment of a pulse oximetry probe in accordance with
the present invention. FIG. 5b 1s a cross-sectional view of
the probe of FIG. 5a. FIGS. 54—b show an alternative
method for providing end optics 180a and 1805 for both the
transmission and receiving fiber optic or fiber optic bundles.
In this case, either of the end optics 180 1s formed 1n plastic
or plastic-like material by any of the standard manufacturing
methods. Thermoforming and injection molding are speciiic
examples but other methods will be commonly known to
those skilled in the relevant arts. The end optic 180 has a
small trough 182 (or other receiver) designed to accept the
fiber 184 (or fiber bundle). The trough 182 is designed to
ensure proper positioning of the fiber 184 (or fiber bundle)
relative to an angled surface 186. The purpose of the angled
surface 186a 1s to redirect the light emitted from the fiber
184a. Typically the angled surfaces 186a and 1865 will be
at 45 degrees to both the fibers 184a and 1845 and the skin
of the patient. The angled surfaces 186a and 18656 may be
coated with a reflective coating or a diffusive coating. In
addition the angled surfaces 186a and 1865 may be curved
to 1impart a focusing to the beam to increase the intensity of
the 1ncident light. The receiving optic 1805 1s similar 1n
appearance and construction to the transmitting optic 180a.
The receiving optic 18056 may also be curved in shape to
improve the collection efficiency.

In this case the optics 180a and 1805 provide the same
function as the optics 72, 74, 120 and 138, but they are
designed to be easy to manufacture via thermoforming or
injection molding which could be advantageous from the
standpoint of manufacturing cost. In this design the optics
180a and 180b are formed by shaping a piece of plastic to
the proper shape as shown. In particular the cast or molded
shape of the optics in FIGS. 5a4—b are designed to position
the fibers 184a and 184b and to reflect the light emitted by
the fiber to change its direction so that it 1s substantially
perpendicular or normal to the surface of the patient. There
may be some advantages in terms of spatial signal averaging
which are accrued through the use of a diffusive surface at
this location.

In addition to finger tip configurations (measurement of
pulse oximetry at the finger tip are the current standard 1n the
art), 1t 1s possible to modify the designs shown here for use
at the base of a finger 206. FIG. 64 1s a schematic diagram
of a fifth preferred embodiment of a pulse oximetry probe 1n
accordance with the present invention and FIG. 6b 1s a
perspective view of the fifth preferred embodiment of a
pulse oximetry probe 1n accordance with the present inven-
tion. In this preferred embodiment, the sensor configuration
has been changed to allow 1ts use at the base of a finger 206
rather than the finger tip. There are some practical advan-
tages to this site since there 1s less physical motion and the
practitioner need not worry about site anomalies such as
fingernail polish which may reduce the efficacy of the
sensor. To effectively use this site the probe must be changed
in configuration. In this case the transmission optic 210 1s
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not placed diametrically opposite to the receiver optic 212.
The receiver optic 212 1s shown as a photodiode, but may be
a fiber optic cable with an end optic as discussed above.
These transmitting and receiving elements 210 and 212 are
placed on an adhesive pad substrate 214 which wraps around

the base of the finger 206.

In this manner, incident light which 1s emitted from the
transmitting end optic 210 impinges on the body and is
reflected back out to be received by the receiving end optic
212 from which it 1s conducted back to the connector 80 via
a fiber optic conduction leg 224. The use of fiber optics and
end optics 1n the reflecting geometry 1s advantageous since
the limited fields of view of the transmission and receiving
paths prevent any stray light that has moved along the
surface of the skin from being detected. This light does not
typically carry the desired information and 1s therefore a
source of artifacts and noise.

In this sixth preferred embodiment of the probe 228
shown 1n FIG. 7, the emitting fiber optic 1s not diametrically
opposed to the sensor or receiving fiber optic combination
such as receiving end optic 232. (In FIG. 7, parts that are
identical or similar to those shown 1n FIG. 2 are given the
same reference numbers as they have in FIG. 2.) Instead they
are slightly closer together. This geometry change 1s to avoid
the bulk of the finger bone which absorbs the light but
provides no signal information. This geometry change 1s
facilitated by the use of lasers and fibers 1n the transmission
leg of the device. This 1s due to the directional nature of the
light which 1s emitter from the fiber/end optic configuration
which assures that the measured light in the majority 1s
obtained from within the body rather than transmitted along
the surface. By locating the probe 208 1n this position using
this configuration advantages are gained in that the probe
208 1s 1n an area of reduced motion, and the practitioner need
not worry about miscellaneous considerations such as
removing fingernail polish, etc.

All of the designs shown can be reconfigured for reflec-
tance pulse oximetry by arranging the emitting end optic and
receiving end optic (or photodiode) in a planar fashion.

While the foregoing 1s a detailed description of the
preferred embodiment of the invention, there are many
alternative embodiments of the invention that would occur
to those skilled 1n the art and which are within the scope of
the present invention. Accordingly, the present invention 1s
to be determined by the following claims.

What 1s claimed 1s:

1. A disposable probe for directing first laser light from a
laser light source through a portion of a living body and for
receiving second laser light that has passed through the
portion of the living body, the probe comprising:

a connector adapted to be removably connected to a laser
light source to receive the first laser light from the laser
light source and adapted to transmit the second laser
light that has passed through the portion of the living
body to a detector, said connector adapted to be remov-
ably connected to the detector;

a first fiber optic cable having a proximal end connected
to the connector and a distal end, said first fiber optic
cable being adapted to conduct the first laser light to a
vicinity of the portion of the living body to be trans-
mitted through the portion of the living body;

a second fiber optic cable having a proximal end con-
nected to the connector and a distal end, said distal end
of said second fiber optic cable being adapted to receive
the second laser light that has been transmitted through
the portion of the living body; and
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a terminal element comprising:

a first optical element that receives the first laser light
from the distal end of the first fiber optic cable and
directs the first laser light onto and through the
portion of the living body, and

a second optical element that receives the second laser
light that has passed through the portion of the living
body and transmits the second laser light to the distal
end of the second fiber optic cable.

2. The probe of claim 1, wherein the connector 1s keyed
to be connected to a source of laser light and to a circuit for
processing the mmformation 1n a unique manner.

3. The probe of claim 1, wherein the first optical element
1s a prism having a reflective surface.

4. The probe of claim 3, wherein the first optical element
receives the laser light mm a predetermined direction and
includes stability feet located transversely to the predeter-
mined direction.

5. The probe of claim 1, wherein the second optical
clement 1s a prism having a reflective surface.

6. The probe of claam 5, wherein the second optical
clement receives the laser light in a predetermined direction

14

and 1ncludes stability feet located transversely to the prede-
termined direction.

7. The probe of claim 1, wherein the first fiber optic cable
1s adapted to transmit laser light having a first characteristic

5 wavelength and to transmit laser light having a second

10

15

characteristic wavelength.

8. The probe of claim 7 wherein the first fiber optic cable
includes a single optical fiber.

9. The probe of claim 7 wherein the first fiber optic cable
includes an optical cable bundle.

10. The probe of claim 1, wherein the second conduit 1s
a single optical fiber adapted to transmit laser light having a
first frequency.

11. The probe of claim 10 wherein the second fiber optic
cable 1ncludes an optical fiber bundle.

12. The probe of claim 1, wherein the second optical
clement includes a photodiode transducer that converts the
second laser light to an electrical signal carrying information
concerning the parameter affecting the transmission of the

20 first laser light through the portion of the living body.
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